Today's strong competitive conditions force companies to satisfy customer demands as well as possible (dependability) at the lowest possible cost and on time. Thus, companies try to develop new strategies and solutions to improve the quality of their supply chains and to reduce their operational costs. In the past few years, Radio 
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2002), (Chappell et al., 2003) , (Tellkamp, 2006), etc. There are also several academic papers on potential benefits of RFID technologies in supply chains. Inventory inaccuracy, replenishment policies, bullwhip effect are some of the main problems of supply chains which could be tackled using RFID technologies. Inventory inaccuracy is the mismatch between the inventory levels in information systems and the real physical inventory levels. There are several factors leading to inventory inaccuracy such as thefts, shipment errors, delivery errors, scanning errors and misplacements. (Kang and Gershwin, 2004) , (Atali et al., 2006) and (Fleisch and Tellkamp, 2005) are some of the papers which focus on impact of RFID on inventory inaccuracy. Replenishment policies are inventory management methods that aim at optimizing the timing and the quantity of orders so that the various costs (holding, ordering and stockout costs) are minimized. (de Kok and Shang, 2007) and (Lee et al., 2004) are interested in the effect of RFID technologies on replenishment policies. The bullwhip effect is a well-known and important phenomenon in supply chain management. It is the fluctuation of customer demands from the downstream to the upstream of the supply chain because of delays and the lack of information sharing among actors of the chain. (Joshi, 2000) , (Lee et al., 2005) and (Fleisch and Tellkamp, 2005) are some of the studies which dealt with the contributions of RFID technologies on the reduction of the bullwhip effect. Authors use generally analytical methods or simulation approaches in these studies. (Lee and Ozer, 2007) , and (Gaukler et al., 2007) are some of the studies that use analytical approaches. The publications that conduct simulation approaches will be detailed in the next section.
In many practical and academic studies, ROI analyzes are conducted in order to quantify the value of RFID investments in supply chains over some fixed period of time. RFID technologies may lead to numerous benefits for supply chains such as revenue increase or inventory cost reduction. However, the costs related to implementing these technologies are still larger than most other available identification technologies. Thus, several authors have dealt with ROI analyzes to evaluate whether RFID applications are profitable on a given period of time. (Tellkamp, 2003) , (Lee et al., 2004) and (Kang and Koh, 2002) are some of them.
In this paper, we present a simulation study of a three-level retail supply chain. This supply chain contains a producer, a distribution center and a retailer. We consider three different products which have different prices and customer demands and which are replenished through a reorder point (s) and Economic Order Quantity (EOQ) policy. Inventory inaccuracy occurs in the chain because of shrinkage errors such as thefts, misplacements or unavailable items for sale and delivery errors. This inaccuracy leads to stockouts, lost sales, long delivery times, poor customer satisfaction, etc. Our aim is to compare the introduction of various RFID technologies in retail supply chains with different tagging levels for a single product or multiple products. We use discrete event simulation to analyze the impacts of RFID technologies on the supply chain performances and to get the ROI (Return On Investment) for each case.
The remainder of the paper is organized as follows. In Section 2, a brief survey of simulation studies that analyze the impact of RFID technologies on supply chains is performed. Section 3 describes the studied problem. The simulation approach and the results on the different scenarios are presented in Sections 4 and 5. Finally, in the last section, some concluding remarks and research perspectives are discussed.
Literature Review
The literature on RFID applications in supply chain is limited. A recent complete stateof-the-art on RFID technology deployments in supply chains can be found in (Sarac et al., 2009) . In this section, the literature review focuses on simulation studies on the impact of RFID technologies on supply chains.
Simulation methods are developed in order to observe the dynamic behavior of a system and to optimize its performances. One of the first simulations of a supply chain is performed by (Brown et al., 2001) . They simulate an MRP environment in order to analyze the impact of inventory inaccuracy. They show that the frequency of errors (the number of time periods of inaccuracy) is the main supply chain performance factor, followed by the magnitude (the percentage of inaccuracy) and the location of errors (the processes where inaccuracy occurs).
Several authors use simulation approaches in order to analyze the impact of RFID technologies on inventory inaccuracy. (Kang and Gershwin, 2004 ) simulate a single-item inventory model with a periodic review system under a (Q, R) policy. They observe that even a 1% of shrinkage error can cause an out-of-stock level of 17% of the total lost demand, and that 2.4% of shrinkage error can increase this value up to 50%. The originality of this study is that, in order to eliminate inaccuracy, they examine and compare several inventory management methods such as safety stock, manual inventory verification, manual reset of the inventory record, constant decrement of the inventory record, Auto-ID technologies. However, assuming that Auto-ID continuously provides perfectly accurate inventory levels and studying a single-item model is not realistic enough.
( Lee et al., 2004 ) perform a quantitative simulation under a reorder point and order-up-to level inventory replenishment policy (s, S). They compare different models with or without RFID, with different values of s and S. The results show that RFID implementation can reduce the distribution center inventory level by 23%, eliminate completely backorders and also that RFID can provide a reduction in order quantity that can reduce the distribution center inventory level by up to 47%. Again, in this study, RFID technologies are considered to provide 100% accurate information at all times. (Fleisch and Tellkamp, 2005 ) simulate a one-product three-level supply chain. They compare two models with and without an inventory level alignment. They consider that inventory inaccuracy can be completely eliminated by aligning inventory level through automatic identification technologies such as RFID technologies. Results show that eliminating inventory inaccuracy, even by a small initial level as 2%, can reduce out-of-stock levels and supply chain costs. Their interesting results are however limited to a one-product supply chain. (Basinger, 2006 ) develop a simulation model for a single-item three-level supply chain. He believes the main factors of inventory inaccuracy are the order policy, (stockout, backlog) policy, theft and supply chain synchronization. His results show that the (stockout, backlog) policy is the dominant factor, followed by the order policy. He concludes that physical inventory counting is a frequently used method to align physical and information system inventory levels while RFID is a new method that can facilitate this alignment. Single-item modeling and single setting for the expected demand conditions are the limitations of this study. (Leung et al., 2007) simulate a three-echelon supply chain under a (s, S) replenishment policy. They consider again that RFID technology provides 100% accurate inventory levels. Results show that the back-order quantity decreases by 1%, the average inventory level increases by 20% and the fluctuation of the inventory is much smaller by integrating RFID technology. They also analyze the impacts of decreasing the reorder point and order-upto level inventory when using RFID technologies. The results show that the back-order quantity becomes 22% lower from the model without RFID, and the average inventory level is reduced by 16%. The originality of this study is that they detail the investment data of RFID technology and its benefits related to inventory shrinkage. However, this study is limited again by considering RFID as a perfect technology and focusing only on the logistics of the supply chain. (Kim et al., 2008) develop a simulation study in order to deal with the value of RFID real-time information for vehicle deployment and shipment process on delivery chain performances. Their results show that integrating RFID technology to the tracking system can improve customer satisfaction by decreasing dwell time and can reduce labor cost by increasing labor utilization. They also indicate that RFID-based information systems can provide better decision-making using real-time information.
In surveying the literature, we found that all of the previous research focus on single-item modeling and also consider that RFID is a perfect technology that can continuously provide 100% accurate inventory levels. However, in this study we are interested in three different products. We also consider that different RFID systems can be obtained by combining different tags, readers, frequencies, tagging levels, etc and that the cost and potential profit of each system differ in a wide range. The main originality of our paper is thus to compare the effects of different implementation of RFID technologies in a retail supply chain for different product types. Part of this study was presented in the Winter Simulation Conference 2008 (Sarac et al., 2008) .
Problem Description
In this study, we consider a three-level retail supply chain with one manufacturer, one distributor and one retailer. In this chain, the retailer level actually corresponds to two storage levels; the back store and the shelves. Figure 1 . In order to analyze their importance, we used the well-known ABC classification method. The classification of items is performed on their annual dollar value.
There are three groups of items; A (very important), B (moderately important) and C (less important). The number of products in each category varies from one company to another. For more information, readers are referred to (Stevenson, 2007) . In what follows, the studied products are in the second group, i.e. moderately important. Figure 2 represents the retail supply chain that we study. End customers take a certain quantity of products from the shelves of the retailer. The retailer orders and receives the products from a distributor and stores them in its back store. The retailer can satisfy customer demands as long as items are available on the shelves. The inventory capacity of shelves is limited. Shelves are replenished under a reorder level policy or using the information of customers in out-of-stock situations. The distributor supplies the products from the manufacturer in order to satisfy the retailer demands. We assume that the manufacturer does not have any product capacity constraint, and thus can always satisfy the distributor orders. The retailer and the distributor use a reorder point (s) and EOQ replenishment policy in order to satisfy end customer demands with a minimum holding and transportation costs. Equation 1 recalls the classical formula for the reorder point. The reorder level consists of the average demand during the lead time (average daily demand multiplied by the lead time) plus the safety stock. The safety stock is the extra inventory carried for protection against possible stockouts because of the variability of demands and/or lead times.
Reorder point = Average lead time * Average demand + Safety stock (1) Equation 2 recalls the formula for the Economic Order Quantity (EOQ). The EOQ depends on the setup cost, the demand and the inventory carrying cost. EOQ = 2 * Setup cost * Annual demand quantity Annual carrying cost (2) The values of the reorder point and the EOQ calculated for products A, B and C are shown in Table 1 . These parameters influence the supply chain performance. In this study, we only use this set of parameters. Different values could be considered in future studies. Table 1 : Reorder points (s) and Economic Order Quantities (EOQ) of products A, B and C Several inventory errors may occur along the supply chain. In this study, we are mainly interested in shrinkage errors (such as thefts, misplacements and unavailable items for sale) and delivery errors. These errors induce inaccurate inventory information that influence supply chain performances by increasing stockouts, lost sales, delivery lead times and decreasing customer satisfaction, etc. Each actor controls its inventory levels by physical inventory counting to align physical and information system inventory levels. The frequency of physical counting is defined at each level depending on the properties of products, density of inventory inaccuracy in the system and counting time and cost.
Simulation Approach
In order to analyze the effects of RFID technologies on the performances of a supply chain and to evaluate their economical impacts, we simulate the above problem using the Arena Modeling Software (Version 11).
Model description
The retailer is open 288 days per year from 9 AM to 9 PM, where customers arrive at the store to pick products A, B or C. The time between arrivals are exponentially distributed with means of respectively 5 min., 10 min. and 60 min.
The customer who arrives at the store goes to the shelves to search for the product. If the customer finds the product on the shelves, he takes it and goes to the cashier to purchase it. When stockouts occur on shelves and the customer cannot find the product, he can either leave the store without buying the product or look for an employee to ask for shelf replenishment. Customers can either wait until the shelves are replenished or give up after waiting a certain time (maximum 10 minutes). The percentage of customers ready to wait for replenishment is different for each product (60 % for A, 50 % for B and 40 % for C).
Physical (PH) inventory levels on the shelves decrease when customers take products, but Information System (IS) inventory levels on the shelves only decrease when customers pay at the cashier.
The retailer automatically replenishes the shelves according to the IS inventory levels. The retailer may not automatically detect the errors if products lack on the shelves. As already mentioned, when stockouts occur on shelves, customers can search for an employee to request the product. If a customer finds an employee, the corresponding shelf can thus be replenished through the information given by the customer to the employee.
The shelves can be replenished as long as the items are available in the back store. Replenishment time is normally distributed with a mean of 11 minutes and a standard deviation of 2. After each shelf replenishment, the retailer decides to order products under a (s, Q) inventory policy using the IS inventory levels.
The procedure in the distribution center is similar to the one in the back store. Products are automatically ordered from the manufacturer under a (s, Q) replenishment policy in order to satisfy the retailer orders.
We assume that the manufacturer has no production capacity constraint, and thus can always deliver the products to the distribution center. The delivery time is normally distributed with a mean of 0.5 day and a standard deviation of 0.01.
The retailer and the distributor update their IS inventory levels when they get stockouts or through a physical inventory control that they perform every period of a given duration. The frequency of the inventory control depends on the product, the density of inventory inaccuracy in the system and the counting time and cost, etc.
We study three models where different supply chain errors can occur. Model 1 considers a three-level retail supply chain in which only shrinkage errors can occur whereas, in Model 2, the chain only contains delivery errors. Model 3 includes both shrinkage and delivery errors. These models are detailed below.
Model 1: Only shrinkage errors
In this model we consider that some shrinkage errors (thefts, misplacements or unavailable items for sale) can occur. These errors induce a difference between the physical (PH) inventory levels and the Information System (IS) inventory levels that can lead to stockouts.
Shrinkage errors (thefts and misplacements) can occur in the store because of customers. Figure 3 presents the customer buying process in the store. The customer who arrives at the store goes to the shelves to search for the product. If the customer finds the product on the shelves, he takes the product and then can act in three ways. He can go to the cashier to buy the product (satisfied customer), he can change his mind while shopping and put the product on another shelf in the store (misplacement) or he can steal the product (theft). If the customer does not find the product, he can either leave the store without buying the product or search for an employee to ask for shelf replenishment. Because of stolen, misplaced and unavailable items for sale, inventory information becomes inaccurate. The same errors also occur in the back store. In this case, products can be misplaced or stolen by employees. Hence, there may be stockouts in the back store, which can increase the shelf replenishment delay and lead to the loss of customer sales. In the distribution center, the same errors can occur. These errors are generally caused by the distributor employees. Again, stockouts may happen because of these potential errors.
Model 2: Only delivery errors
In this model we consider that inventory inaccuracy only occurs because of delivery errors. This inaccuracy can also lead to stockouts. Supply chain actors order products to their supplier through a (s, Q) inventory policy using the IS inventory levels. The manufacturer delivers the products to the distributor, the distributor delivers to the retailer, and the products are "delivered" from the back store to the shelves. Delivery errors can happen between each inventory location in two main ways; during planned delivery processes and through unplanned delivery processes. Figure 4 presents different types of delivery errors considered in the model and the decisions taken by actors against these errors.
Figure 4: Delivery errors
During planned delivery processes When an actor orders some products (EOQ) to its supplier, there are four possibilities; he can receive exactly EOQ products, he can receive less products than requested (Q < EOQ), he can receive more products than requested (Q > EOQ), or he does not receive any product after a certain waiting time. In this model, we consider that the quantity due to the error (|EOQ − Q|) is uniformly distributed between 0 and (EOQ/2).
We assume that actors can detect these errors if they are above a certain percentage. If an actor does not notice the difference of quantity, he considers that he received the ordered quantity (EOQ).
The actors can react to these errors only if they can capture the errors. When an actor receives EOQ products, there is no error, he accepts the received quantity. Similarly, he will accept the received quantity if it is lower than EOQ. In order to correct the error, the actor may order earlier the next delivery. When he receives more products than EOQ, he has to make a decision to accept or not the products in excess. If the sum of the actual inventory level (IS) and the received products (Inventory level(IS) + Q) is lower than the maximum stock level, he will accept the received quantity (Q). If this value is higher than the maximum stock level, he will return the products in excess (M aximum stock level − (Inventory level(IS) + Q)). Each actor has already defined the maximum stock level for each product.
Another delivery error can occur if the supplier loses the order. If the actor does not receive any product after a certain waiting time, he will cancel the order and make a new order. Maximum waiting times have been defined for each actor according to means and standard deviations of delivery times.
Unplanned delivery processes
These errors can occur because of suppliers. They can deliver by mistake some products although their customers did not order the products. There are different possibilities; the delivered products can interest the customers, or the products do not concern the customers. If the customer is interested, he can accept products according to his stock level. If the sum of the stock level and the received products is below the maximum stock level, he will accept the received quantity of the products. If this value is above the maximum stock level, he will return the products in excess. If delivered products do not interest the customer, he will refuse the delivery.
Model 3: Shrinkage and delivery errors
In this model we consider that both shrinkage and delivery errors can occur. Shrinkage errors can occur at each inventory level similarly to Model 1 and delivery errors can happen as explained in Model 2.
Scenarios
We study different scenarios of the three models in order to analyze the dynamic and stochastic behavior of the supply chain. We propose 6 scenarios to simulate in order to evaluate the impact of various implementations of RFID technologies.
Scenario 1
In the first scenario, a classical bar coding technology is used to identify the products.
Scenario 2
We integrate a closed loop RFID technology in the second scenario. Reusable boxes containing RFID tags are used only during the delivery process between manufacturer, distributor and retailer and are sent back to the initial sender. They can hold 10 items of product A, 50 items of product B or 100 items of product C. There are 116 boxes for product A, 162 boxes for product B and 218 boxes for product C. The number of boxes is calculated in order to ensure that all deliveries can be realized at the same time. The auto-ID technology in this scenario can improve the visibility and traceability of products during the deliveries from the manufacturer to the retailer and can decrease delivery errors. However, the visibility of items in stocks does not change. Thus, this technology can only reduce delivery errors.
Scenario 3
In the third scenario, RFID technology is integrated at case level tagging. Cases are prepared at the manufacturer and each case can contain 20 items of product A, 100 items of product B or 200 items of product C. The technology in this scenario can improve the visibility and the traceability of cases from the manufacturer to the retailer. It can decrease delivery errors and can reduce shrinkage errors in the back store and the distribution center. However, this RFID technology cannot affect the shrinkage errors in the stores, because cases are opened in the back store to replenish shelves. In this scenario, RFID technology cannot identify products outside cases. Thus, the visibility of items in the store does not change and the retailer still has the same errors in the store. On the other hand, since RFID technologies accelerate the physical inventory control; supply chain actors can increase the frequency of physical inventory controls to adjust inventories in the back store and the distribution center. This technology can thus deal with delivery errors and shrinkage errors in the back store and the distribution center.
Scenario 4
In the fourth scenario, we integrate RFID at item level. The visibility of items also improves in the store, where the number of errors is reduced and inventory levels can be checked frequently in the whole supply chain. Thus, this technology can scope with all delivery and shrinkage errors.
Scenario 5
As mentioned before, various RFID systems can be obtained by combining different tags, readers, frequencies, levels of tagging, etc. The cost and the potential profit of each system may change. In the fifth scenario, we consider a more efficient RFID technology at item level that improves more the supply chain performances than in Scenario 4.
Scenario 6
In the last scenario, we add smart shelves to Scenario 5. These shelves can frequently (e.g. every minute) control inventories. This technology thus provides real-time information at item level in the store. Thus, this technology cannot improve on delivery errors compared to Scenario 5.
Simulation design
Figure 5 presents our simulation design. Scenarios 1, 3, 4, 5 and 6 of Model 1 are first simulated for each product separately. In this first experimentation, Scenario 2 is not considered since, as mentioned before, the technology in this scenario (closed loop RFID technology) can only decrease delivery errors and does not affect shrinkage errors. Scenarios 1, 2, 3 and 4 of Model 2 are then simulated for each product separately. Scenarios 5 and 6 are not considered because this model contains only delivery errors and the technologies used in the last scenarios cannot decrease delivery errors more than Scenario 4. Finally, the six scenarios of Model 3 are simulated for each product separately and then for all the products simultaneously (multi products).
Simulations are done for three and five years and are replicated 100 times. Table 2 shows the most important parameters of each scenario of Model 3 for product B. Thefts and misplacements in the store are respectively the percentages of the customers who steal or move products. The values of these percentages have been chosen based on (Fleisch and Tellkamp, 2005) . The second scenario can only decrease the delivery errors and increase delivery error detection. The number of stolen products decreases step by step from the second scenario to Figure 5 : Simulation design the last one. Misplacements in the store do not change because technologies cannot prevent customers to move items in the store. However, misplacements induced by employees in the back store and the distribution center, which follow a Poisson distribution, can decrease because RFID readers can guide employees to put products at the right place. Stock control processes at each inventory location are realized periodically. Stock control times are normally distributed. Since inventory controls take less time using RFID technologies than bar-coding identification technologies, supply chain actors can make a tactical decision such as to check their inventory more frequently. Thus, we observe that RFID technologies may improve operational processes but also support tactical decisions in the supply chain.
Simulation Results and Analysis
We first present the performance indicators that are used to analyze the impacts of RFID technologies on the studied models. The results are then analyzed separately for each model according to the simulation design described earlier. Table 2 : Some of the simulation parameters for product B
Performance indicators
To analyze the simulations, we measure key performance indicators such as the number of sales, lost sales (unhappy customers who leave the store without buying a product), lost products, the number of deliveries between the manufacturer, the distributor and the retailer, inventory levels of the manufacturer, the distributor and the retailer and the number and duration of physical inventory counting at each inventory location. We analyze these performance indicators in order to answer two questions. How do RFID technologies affect supply chain performances and what are their economical impacts?
How do RFID technologies affect supply chain performances? RFID technologies can improve operational processes such as reception, stocking, preparation, delivery, inventory counting, etc. They can also decrease supply chain errors. These improvements help to increase the number of sold products and decrease the number of unhappy customers who leave the store without purchasing the product by reducing stockouts.
The impact of RFID technologies can be evaluated using a customer satisfaction measure, such as the percentage of customers who actually purchase the product (satisfied customers) compared to the potential customers who want to purchase the product. 
Equation 6 shows how we calculate the cost of lost items, where Q lost is the number of items lost in the supply chain because of theft and unavailable items for sale. If there are lost items in the system, actors would lose the buying prices of these products.
Cost of lost items = Buying price * Q lost
For each delivery, actors pay a delivery cost. Delivery costs increase for return deliveries that occur because of delivery errors.
Delivery costs = Delivery unit cost * Number of deliveries (7) There is a holding cost for every product stored in the supply chain.
Holding costs = Holding unit cost * Mean of inventory level
For each physical inventory control, actors may pay a cost depending on counting time and the number of employees used for counting.
Counting costs = Counting unit cost * Counting time * Number of employees (9) RFID technology integration has two main cost components; unit cost of RFID tags and fixed cost for technology implementation (antennas, manual readers, fixed readers, smart shelves, middleware, etc.). The costs that we use are shown in Table 3 . Variable costs of RFID technologies depend on unit cost of RFID tags (C t ) and the number of tagged items (N umber of boxes for closed loop RFID, N umber of cases for case level RFID and Q total for item level RFID). In our model we assume that we use the same type of tags for closed loop and case level RFID in Scenarios 2 and 3 and another type of tag for item level tagging in Scenarios 4, 5 and 6. The unit cost of RFID tags for the three products is fixed as 2 Euros for closed loop and case level RFID, and 0.2 Euros for item level RFID. Fixed costs of RFID technologies have been estimated, according to the RFID market, see (Brown, 2007) .
Variable cost (Euros) Fixed cost (Euros) Scenario 1 0 0 Scenario 2 N umber of boxes 3000 Scenario 3 N umber of cases 6000 Scenario 4 C t * Q total 8000 Scenario 5 C t * Q total 16000 Scenario 6 C t * Q total 80000 Table 3 : RFID variable and fixed costs 5.2 Results and analysis of Model 1 (only shrinkage errors) Figure 6 reports the variation of customer satisfaction and profit evolution (for a three-year simulation) according to Scenarios 1, 3, 4, 5 and 6. This figure is reported for products A, B and C. According to the simulation results, the number of sold products increases and the number of unhappy customers who leave the store without purchasing the product because of stockouts decrease from Scenario 1 to Scenario 6. Figure 6 shows that the customer satisfaction for products A, B and C increases respectively from 94.5% to 99.3%, from 88.5% to 97.6% and from 88.1% to 98%. These results illustrate how RFID integration improves supply chain performances. In order to observe the impacts of each RFID technology, we consider the profits of Scenario 1 as 100%, and the profts of other scenarios as a percentage of the evolution compared to the first one.
Through Figure 6 , we observe that RFID technology integration at case level (Scenario 3) increases the profit of product B more than the profit of product A. However, for product C, it is less profitable than the initial system. Product C is requested every 5 minutes and the errors in the store are proportional to the number of customers. So, the contribution of an RFID technology at case level cannot compensate the costs of this technology for product C. Note also that, by integrating RFID at the item level (Scenario 4), the profits of all products increase considerably. Furthermore, the integration of a more efficient RFID technology (Scenario 5) increases the profits of each product. But, the increases are sharply smaller than the increases realized through the previous technology. Figure 6 shows that, even though using smart shelves is clearly more interesting for products A and B than for product C, it is profitable for none of the three products. However, as mentioned before and as shown in Figure 6 , this technology increases customer satisfaction through the increase of sales and the decrease of lost sales. Because of the high cost of smart shelves, the additional income does not compensate the technology costs.
In order to analyze the economical impacts of smart shelves, we consider a new product D shown in figure 7 . It has the same demand rate and simulation parameters as product B (20,736 items/year) and it is more expensive than B (selling price is 30 Euros). According to the ABC classification, Product D is in the first group, i.e. very important. Figure 8 shows the profit evolution (for a three-year simulation) for Scenarios 1, 3, 4, 5 and 6 and for products B and D. Through figure 8, it can be noted that Scenario 6 is more profitable for product D than for product B. However, it is still not profitable enough to compensate the technology costs. Smart shelves could be relevant for more expensive and highly demanded products. Figure 9 reports the variation of customer satisfaction and profit evolution (for a threeyear simulation) according to Scenarios 1, 2, 3 and 4. The graph of customer satisfaction is reported for products A, B, C and D. Through the simulation results, we observe that the number of sold products increases and the number of unhappy customers who leave the store without purchasing the product because of stockouts decreases from Scenario 1 to Scenario 4. Figure 9 shows that the customer satisfaction for products A, B and C increases respectively from 98.6% to 99.1%, from 95.1% to 96.4% and from 95% to 96.9%. As previously mentioned, product D has the same demand rate and simulation parameters as product B. The customer satisfaction of products B and D are thus the same. These results illustrate how RFID integration improves supply chain performances for all of the products.
Results and analysis of Model 2 (only delivery errors)
The graph of the evolution of profits in figure 9 is reported for products A, B, C and D. We observe that a closed loop RFID technology integration (Scenario 2) increases the profits for all of the products, whereas RFID technology integrations at the case level and at the item level (Scenarios 3 and 4) are not profitable for all of the four products. Even though these technologies increase the customer satisfaction as shown in Figure 9 , their contribution cannot compensate their costs for all of the products. Through this model, it can be noted that, for a supply chain in which only delivery errors occur, a closed loop RFID implementation is efficient and sufficient to increase profit. Figure 10 presents the variation of customer satisfaction and profit evolution (for a three-year simulation) according to the six scenarios. The graph of customer satisfaction is reported for products A, B, C and D. This graph shows that the customer satisfaction for products A, B and C increases respectively from 98.6% to 99.1%, from 95.1% to 96.4% and from 95% to 96.9%. The customer satisfaction of product D is again the same as product B. We observe that RFID integration improves supply chain performances for all of the products. The evolution of profits in Figure 10 is reported for products A, B, C and D. We observe that a closed loop RFID integration (Scenario 2) increases the profits for all of the products. Profits of RFID technology integrations at the case level are very close to profits obtained by a closed loop RFID technology for products B, C and D. However, for product A, this technology is less profitable than with a closed loop technology. It can also be noted that RFID technology integrated at the item level (Scenario 4) increase the profits considerably for products A, B and D, although this technology is not profitable enough to compensate its costs for a cheap product such as product C. Through figure 10, we note that integration of a more efficient RFID technology (Scenario 5) increases the profits of each product. However, this technology is still not profitable for product C. Furthermore, we observe that using smart shelves (Scenario 6) is not profitable for products A, B and C and that, for product D, this technology can be profitable after three years.
Results and analysis of Model 3 (shrinkage & delivery errors)
We studied the economical impact of each technology in which the unit cost of RFID tags is set at 0.2 Euros for all the products. For each scenario and for each product, a critical RFID tag cost could be calculated below which RFID technologies are profitable. We calculated the critical costs for each technology and for each product on a three-year horizon. The unit critical costs are shown in Table 4 . They depend on incomes obtained through RFID technologies, the numbers of used tags and product prices. Note that the value for Scenario 2 and product C is zero because the associated technology cannot be profitable even if the unit tag cost is 0. The other values for Scenario 2 are very high because it considers a RFID technology at the case level and each case contains 100 products. The total number of required tags is considerably smaller than in the other scenarios. Note also that, in all scenarios, the critical tag costs for product B are lower than for product D. Table 4 : Critical costs of RFID (Euros) Figure 11 reports the customer satisfaction and profit evolution (for a three-year simulation) according to the six scenarios for products A, B and C together (a multi-product model). The customer satisfaction increases considerably from 80.8% to 97%. The profit increases by integrating an RFID technology in a closed loop scheme. RFID implementation at a case level slightly increases the profit, and by integrating an item-level RFID technology, the profit slightly decreases. Furthermore, through a more efficient RFID technology (Scenario 5) the profit of the supply chain significantly increases. On the other hand, using smart shelves (Scenario 6) leads to a sharp decrease of the profit, although it is still more profitable that Scenario 1. This study illustrates that RFID technologies bring more benefits for several products than for only one in a supply chain. Figure 11 : Customer satisfaction and profit evolution according to the 6 scenarios for multiple products
ROI Analyzes
RFID technologies provide multiple benefits for supply chains. However, actual RFID implementations require significant investments for companies because RFID systems are still considerably more expensive than current identification systems such as bar-coding. Hence, in order to decide to integrate these technologies in their systems, companies must perform relevant ROI analyzes to evaluate whether RFID applications are profitable.
We simulated each scenario first separately and then for all the products together for different lengths of the time horizon (3 years and 5 years) in order to evaluate in which scenarios integrating RFID technologies become profitable. Figure 12 shows the profit evolution of products A, B, C and D for different horizon lengths and for the 6 scenarios. Note that RFID applications in all scenarios except the last one can be profitable for products A, B and D in three years. RFID implementation in Scenario 6 can compensate the costs of this technology and becomes profitable in five years only for product D. Figure 13 shows the profit evolution for multiple products (products A, B and C), for different horizon lengths and for the 6 scenarios. Note that the profit evolutions of Scenarios 1, 2, 3 and 4 remain steady in 3 and 5 years. It is worth noticing that a 3-year implementation is sufficient to compensate the costs of RFID technologies in these scenarios. However, it can be noted that the profit evolutions of Scenarios 5 and 6 are larger in 5 years than in 3 years. Even if the technologies in these scenarios are profitable for multiple products, their costs are still compensated by their benefits, which explains why the profit increases in 5 years.
These ROI analyzes show that each RFID application requires different time periods for different products to become profitable.
Conclusion and Perspectives
In this paper, we simulated a three-level retail supply chain in which inventory inaccuracy occurs along the entire chain through shrinkage errors (such as stolen, misplaced or unavailable items) and delivery errors. This inaccuracy can affect supply chain performances by increasing stockouts, lost sales, and delivery times or by decreasing customer satisfaction.
We studied different RFID technologies with different tagging levels for various products which have different sale prices and different customer demands. The impacts of these RFID Figure 13 : Profit evolution of multiple products according to the 6 scenarios for 3-year and 5-year simulations technologies on supply chain performances have been analyzed. Simulation results show that these different technologies affect performance at different ratios. We also noticed that the economical impact depends on various factors such as the cost of the technology, the tagging level, the income realized using the new technology, the price of the product, supply chain properties, etc. The impacts of RFID technologies were analyzed for a single product and also multiple products, and it was illustrated that RFID technologies provide more benefits for several products than one product. We also calculated the critical unit costs of the studied technologies that lead to positive profits.
Additionally, we focused on ROI (Return On Investment) in order to evaluate how long companies have to wait to gain following RFID technology implementations. Again, the simulation results indicate that the ROI of various RFID applications depends on multiple factors.
In this paper we studied a "simple" three-level retail supply chain. However, practical supply chains are usually more complicated. We believe it would be relevant to extend our work by integrating additional errors and multiple actors. In this study, we also use a set of reorder point and EOQ parameters. We think that it would be interesting to analyze impacts of RFID technologies for different sets of replenishment policy parameters.
Furthermore, we aim to deal with practical cases in order to analyze more realistic data for our simulation approach; in particular on the unit and fixed costs of RFID technologies.
We are also currently investigating how supply chain processes can be reorganized using
